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ABSTRACT 

A wind tunnel balance monitor and alarm system 
developed a t  NASA Ames Research Center wd11 pro- 
duce several benef ic ia l  resu l ts .  The costs o f  
wind tunnel delays because o f  inadvertent ‘balance 
damage and the costs o f  balance r e p a i r  o r  replace- 
ment can be grea t ly  reduced o r  e l iminated w i t h  
b e t t e r  rea l - t ime information on the balance s t a t i c  
and dynamic loading. The wind tunnel i t s e l f  w i l l  
have enhanced u t i l i t y  w i t h  the e l im ina t ion  of 
over ly  cautious l i m i t s  on t e s t  condit ions. 

The microprocessor-based system features automatic 
sca l ing and 16 mul t ico lored LED bargraphs t o  ind i -  
cate both s t a t i c  and dynamic components o f  the 
signals from e i g h t  ind iv idua l  channels. F ive 
i n d i v i d u a l l y  programmable alarm l e v e l s  are avai l -  
able w i t h  r e l a y  closures f o r  i n t e r n a l  o r  external 
v isua l  and audible warning devices and other  func- 
t i o n s  such as automatic a c t i v a t i o n  of external  
recording devices, model pos i t ion ing  mechanisms, 
o r  tunnel shutdown. 

Keywords: Wind tunnel balance, loads monltor, 
bargraphs, alarm system. 

INTRODUCTION 

For many years the six-component strain-gage bal- 
ance has been the primary instrument f o r  obtaining 
force and moment information from models i n  wind 
tunnels. Sting-mounted i n t e r n a l  balances i n  par- 
t i c u l a r  have evolved i n t o  complex and d e l i c a t e  
systems o f  strain-gaged f lexures. 

The t y p i c a l  six-component i n t e r n a l  balance mea- 
sures model forward and a f t  l i f t  forces, forward 
and a f t  s ide forces, drag force, and r o l l i n g  
moment. The l i f t  forces can be combined t o  pro- 
duce p i t c h i n g  moment and the s ide forces can be 
combined t o  produce yawing moment. 
moments are sensed by s t r a i n  gages mounted on 
f lexures t h a t  connect model load po in ts  t o  the 
balance s t ructure.  The only  contact between the 
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model and the wind tunnel model support system i s  
through the  balance a t  these s p e c i f i c  load points. 

Q u i t e  often, balances are designed and b u i l t  f o r  a 
s p e c i f i c  program; indeed, sometimes i t  takes a 
program f o r  which no e x i s t i n g  balance i s  su i tab le  
t o  provide the impetus f o r  the const ruct ion o f  a 
new one. More t o  the point ,  each balance i s  very 
nearly unique. Seldom are more than two b u i l t  t o  
the same set  o f  specif icat ions. 

As might be expected w i t h  any complicated and 
de l i ca te  one- o r  two-of-a-kind device, broken o r  
damaged balances are very c o s t l y  and time- 
consuming t o  repai r .  The balance repa i r  costs are 
i n  add i t ion  t o  the  costs  r e s u l t i n g  from the time 
and e f f o r t  needed t o  i n s t a l l  a replacement balance 
during a p a r t i c u l a r  wind tunnel t e s t .  
cases there may be no d i r e c t  o r  even marginal ly 
su i tab le  replacement f o r  a p a r t i c u l a r  balance. 

Consequently, i t  i s  des i rab le t o  p ro tec t  balances 
from damage both outs ide and ins ide  wind tunnels. 
Though t ranspor ta t ion  hazards may be somewhat 
uncontrol lable, modern instrumentation techniques 
and hardware make i t  poss ib le  t o  develop and con- 
s t r u c t  usefu l  and v e r s a t i l e  devices t o  protect  
balances o r  o ther  devices from overload condi t ions 
ins ide  the wind tunnel by proper ly  monitoring the 
s tatus o f  the balance loads. 

I n  extreme 

A second, but  no less  important, reason f o r  b u i l d -  
ing  an up-to-date balance monitor i s  t o  expand the 
envelope o f  usable wind tunnel condit ions. With- 
out  a rea l - t ime I n d i c a t i o n  o f  s t a t i c  and dynamic 
balance loading, t e s t  engineers must necessari ly 
be conservative i n  t h e i r  choice o f  running condi- 
t ions. A t e s t  schedule may c a l l  f o r  tunnel param- 
eters  t h a t  may not be allowed because o f  l i m i t e d  
in format ion regarding balance loading. Accurate 
rea l - t ime s t a t i c  and dynamic loads information 
al lows b e t t e r  use o f  the  tunnel operating envelope 
w i t h  confidence t h a t  the balance w i l l  not be 
damaged. 



The purpose of t h i s  paper i s  t o  describe the Bal-  
ance Load and Alarm Monitor System (BLAMS) t h a t  
has been developed a t  the NASA Ames Research 
Center t o  prevent damage t o  wind tunnel balances 
due t o  t e s t  operations. 

DESIGN CONSIDERATIONS 

The goal o f  the balance monitoring system i s  t o  
provide the t e s t  engineer w i th  the current balance 
load status w i th  respect t o  the maximum ra ted  load 
(or f u l l  scale) f o r  each balance gage. The cur- 
ren t  load status f o r  each gage consists o f  two 
parts: the s t a t i c  load and the dynamic or time- 
varying load. 
as the "DC" and the "AC" port ions o f  the t o t a l  
s igna l  from each gage. 

They can be considered respect ively 

The signal  from each balance gage passes through a 
four-pole f i l t e r  (whose bandwidth i s  DC t o  1 Hz) 
i n  the analog signal-condi t ioning c i r c u i t r y  o f  the 
wind tunnel data system. This stage separates the 
DC po r t i on  from the t o t a l  signal. For  a standard 
data po in t  recorded d i g i t a l l y  by the data system, 
each o f  the s i x  f i l t e r e d  balance signals i s  sam- 
pled 100 times; i t  i s  then averaged t o  y i e l d  one 
value f o r  each gage. The dynamic por t ion  o f  the 
s ignal  (wide-band AC) has r a r e l y  been used except 
i n  a balance monitor ing mode w i th  an osci l loscope 
or osci l lograph. The wind tunnel data system was 
not designed t o  be capable o f  using o r  d isp lay ing  
the balance dynamic signals i n  a balance protec- 
t i o n  mode. 

For a balance monitoring system t o  be t r u l y  use- 
f u l ,  s t a t i c  and dynamic load components must be 
displayed separately and be e a s i l y  i den t i f i ab le .  
An important consideration i s  the ease with which 
a t e s t  engineer i s  able to  se t  up and c a l i b r a t e  
the system f o r  a pa r t i cu la r  balance and model 
combination. 
comparing the balance signals t o  a programmable 
algor i thm tha t  determines the various l eve l s  o f  
the mu l t i p le  alarms and programmable re lay  c lo -  
sures tha t  t r i g g e r  external devices. Equipped 
w i t h  t h i s  real- t ime information, the engineer can 
make i n t e l l i g e n t  decisions concerning the conduct 
o f  the wind tunnel t e s t  with regard t o  the safety 
o f  both the balance and the model being tested. 

The system must have prov is ion  f o r  

DESIGN FEATURES 

The BLAMS shown i n  Figure 1 was designed around a 
32-bi t  68000 microprocessor t o  meet many require- 
ments. The system was designed as an e igh t -  
chqnnel u n i t  t o  accommodate the s i x  gages o f  a 
s t r a i n  gage balance w i th  two spare channels f o r  
s ignals from other sources. 
graphs t o  ind ica te  the  loads on each balance chan- 
nel.  One bargraph i n  each p a i r  represents the 
s t a t i c  component from a s ing le  gage and the second 
represents the dynamic component from the same 

It uses two LED bar- 

gage. Each v e r t i c a l  bargraph i s  10 in .  high and 
i s  composed o f  101 LEDs representing plus and 
minus 100% o f  f u l l  scale or maximum ra ted  load. 
The reso lu t i on  o f  each bargraph i s  thus 2% of f u l l  
scale o f  e i t h e r  p o l a r i t y .  

Green-colored LEDs are used f o r  the s t a t i c  compo- 
nent bargraph whi le red-colored LEDs are used f o r  
the bargraph tha t  dep ic ts  the dynamic ComPonent. 
The center or zero po in t  of each scale i s  shown by 
an LED o f  the opposite co lo r  (red shows the s t a t i c  
zero po in t  and green shows the dynamic "Zero" 
po in t ) ,  g i v ing  the viewer a good v isua l  reference 
f o r  the neut ra l  po in ts  on each bargraph. These 
l i g h t s  also serve i n  the dual capacity of i n d i c a t -  
ing  the system on/o f f  status. 

The colored analog bargraph d isp lay  i s  comple- 
mented by a four-place-plus-sign d i g i t a l  readout 
tha t  shows the voltage o f  the s t a t i c  component of 
the s igna l  from each gage. This DC voltage read- 
ing  can be compared d i r e c t l y  t o  the s t a t i c  data 
s ignal  recorded by the wind tunnel data system, 
al lowing f o r  any t ime lag. Because i t  i s  intended 
as an al l-purpose device, the RMS voltage o f  the 
dynamic component can also be displayed on the 
d i g i t a l  readout through the use o f  a two-posi t ion 
color-coded switch (green f o r  s t a t i c ,  red f o r  
RMS) . 
The wide-band balance signals tha t  are supplied by 
the data-system analog signal-condi t ioning ampli- 
f i e r s  must be f i l t e r e d  by the BLAMS before t h e i r  
use t o  d r i ve  e i t h e r  type o f  bargraph. The pass- 
band o f  the  s t a t i c  data s ignal  i s  DC t o  2 Hz w i t h  
a 24-dB/octave r o l l o f f ,  wh i le  t h a t  o f  the dynamic 
data s igna l  i s  1 Hz t o  5 kHz. As noted p rev i -  
ously, the wind tunnel data system has a passband 
o f  DC t o  1 Hz f o r  the  s t a t i c  data i t  records d i g i -  
t a l l y ,  so there normally w i l l  be good agreement 
between the tunnel system and BLAMS, even though 
t h e i r  respect ive s igna l  paths are d i f f e ren t .  
2-Hz bandwidth o f  BLAMS was chosen de l i be ra te l y  t o  
a f f o r d  a somewhat f a s t e r  response time f o r  the 
v isua l  monitor. 

The 

A sample analog input  s igna l  and the corresponding 
bargraph representat ions f o r  four  successive sam- 
p l e  periods (T) are shown i n  Figure 2. 
n i tude o f  the s t a t i c  data sample i s  recorded a t  
the center o f  each sample period, as shown. As 
f o r  the dynamic data, the BLAMS senses both posi-  
t i v e  and negative s igna l  peaks and displays them 
on the dynamic d i sp lay  bargraphs. These p o s i t i v e  
and negative peaks are based on a "zero" reference 
leve l  t h a t  i s  def ined as the magnitude of the 
s t a t i c  component dur ing  each sample period. 
w i l l  be noted that,  wh i le  the s t a t i c  data bar- 
graphs (green) w i l l  show on ly  zero-to-posi t ive or 
zero-to-negative data f o r  any s ing le  sample 
period, the dynamic data bargraphs (red) w i l l  show 
both p o s i t i v e  and negative peaks a t  the same time. 

The mag- 

I t  
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These peaks are displayed on the dynamic bargraph 
as the highest and lowest values (w i th  respect. to 
the s t a t i c  component) seen by the c i r c u i t r y  during 
each sample period. The bargraph update r a t e  (the 
inverse of the sample per iod) i s  adjustable f rom 
4 times/sec t o  16 times/sec. The green LED i n  the 
center o f  each red bargraph can be thought o f  as 
the highest ( i f  pos i t i ve )  o r  the lowest ( i f  nega- 
t i v e )  i l l umina ted  LED on the corresponding s ta t i c  
data bargraph. 

BARGRAPH SCALING 

(This i s  i l l u s t r a t e d  i n  Figure 2.) 

Automatic scal ing f o r  each balance component i s  
eas i l y  accomplished by BLAMS dur ing the i n i t i a l  
setup fo r  each tes t .  The balance c a l i b r a t i o n  
laboratory a t  Ames furnishes a value i n  v o l t s  f o r  
the maximum ra ted  output fo r  each balance gage. 
This number i s  based on maximum ra ted  load, gage 
exc i ta t ion ,  and signal  ampl i f icat ion.  During the 
t e s t  setup the engineer uses the keypad on the 
BLAMS f r o n t  panel t o  input the maximum ra ted  
signal  voltage f o r  each balance channel. Each 
bargraph p a i r  i s  then proport ioned automatical ly 
i n  the BLAMS microprocessor t o  i nd i ca te  100% load 
a t  the maximum ra ted  signal  voltage f o r  i t s  
respect ive balance channel. 

Figure 3 shows the algor i thm used t o  de f ine  the 
maximum al lowable values o f  combined s t a t i c  and 
peak dynamic loads. The algor i thm chosen t o  
describe balance overload condi t ions i s  simple, 
but  i t  i s  based on many years o f  experience. It 
i s  f e l t  t h a t  a s t a t i c  loading t o  110% o f  maximum 
ra ted  load w i t h  no dynamic loading i s  acceptable. 
With the add i t i on  o f  dynamic load, however, the 
l i m i t  o f  acceptab i l i t y ,  as defined by the algo- 
r i thm, has a s t r a i g h t - l i n e  slope from t h a t  point  
(110% s t a t i c ,  zero dynamic) t o  50% s t a t i c  and 50% 
peak dynamic. A peak dynamic load of 50% i s  the 
maximum al lowable fo r  any cond i t ion  o f  s t a t i c  
load, as shown by the algorithm. 

The dynamic component bargraphs have two options 
f o r  scal ing. The f i r s t  o p t i o n ' i s  based on the 
same system as the s t a t i c  data bargraphs, but 
because the dynamic components o f  the various 
s igna ls  are o f ten  much smaller i n  magnitude than 
the s t a t i c  components, p rov is ion  has been made f o r  
add i t iona l  gain a t  the engineer's d isc re t ion .  
Though normally a v i r t u a l l y  nonexistent dynamic 
component i s  the desired condit ion, there may be 
times when the engineer wants t o  see a representa- 
t i o n  o f  i t  on the display. Also, when used t o  
d isp lay  s ignals from other sources, ex t ra  gain f o r  
the,dynamic component may be even more useful.  
Gain steps o f  one, two, four, and e igh t  have been 
provided i n  the-BLAMS, w i th  a seven-segment d ig i -  
t a l  readout t o  i nd i ca te  gain. 

The second mode o f  dynamic sca l ing  i s  somewhat 
more complicated, but may t u r n  ou t  t o  be the 

pre fer red  method f o r  monitoring balance loads. It 
i s  based on the d i f fe rence between the s t a t i c  com- 
ponent value and the maximum al lowable value, as 
defined by the algor i thm i n  Figure 3. 
update period t h i s  d i f fe rence i s  used as the f u l l -  
scale value f o r  the dynamic component. The posi- 
t i v e  and negative peaks (dynamic data) are always 
presented as a percentage o f  the t o t a l  ava i lab le  
margin between the s t a t i c  value and the maximum 
al lowable value as defined by the algor i thm f o r  
combined loading. For example, i f  the s t a t i c  load 
f o r  a s ing le  update per iod i s  80% o f  f u l l  scale, a 
l i n e  drawn upward from tha t  po in t  on the diagram 
in te rsec ts  the maximum al lowable l i n e  o f  the algo- 
r i t h m  a t  the 25% leve l  f o r  dynamic peak data. For 
tha t  update period, then, the f u l l - s c a l e  value f o r  
the dynamic bargraph (red) i s  25% o f  the f u l l -  
scale value inser ted  i n t o  the BLAMS memory f o r  
t h a t  p a r t i c u l a r  channel. Thus, the maximum al low- 
able value f o r  s t a t i c  plus dynamic data f o r  t ha t  
sample per iod i s  105% o f  the f u l l - s c a l e  value. 

It can be seen t h a t  the scale o f  the dynamic bar- 
graph can change dur ing each update period. 
Remember, though, t h a t  the s t a t i c  data s ignal  
bandwidth i s  on ly  DC t o  2 Hz, so there w i l l  not  be 
la rge  changes between the adjacent update periods, 
which range from 1/4 sec t o  1/16 sec, depending on 
the cur ren t  program i n  the microprocessor memory. 
As the s t a t i c  component gets larger,  the e f f e c t  i s  
t o  magnify the dynamic component representat ion on 
i t s  bargraph since i t s  f u l l - s c a l e  value becomes 
smaller. A t  50% s t a t i c  load, f u l l - s c a l e  dynamic 
load on the bargraph i s  also 50%, but a t  90% ' 

s t a t i c  load, the  f u l l - s c a l e  dynamic value on the 
bargraph i s  17%. 
the combination o f  the  s t a t i c  and dynamic loads i s  
an ar i thmet ic  sum, no t  a vector sum as might be 
impl ied by the diagram. The d i g i t a l  ga in  readout 
ind ica tes  "A" f o r  "Auto" when the BLAMS i s  i n  t h i s  
mode. 

For each 

It i s  important t o  r e a l i z e  tha t  

ALARM MODES 

The m u l t i p l e  alarm leve ls  used i n  the BLAMS are 
a l l  based on the  algor i thm i l l u s t r a t e d  i n  Fig- 
u re  3. A t  the programed update rate,  the micro- 
processor con t inua l l y  sums the s t a t i c  data s ignals 
and the  dynamic peak signals o f  the same p o l a r i t y  
and compares the  t o t a l s  t o  the alarm algorithm. 
Whenever the absolute value o f  the t o t a l  exceeds 
any one o f  the preset alarm condit ions, one o r  
more o f  the several modes o f  alarm are tr iggered. 
I f  desired, the engineer o r  technic ian can d isp lay  
the s t a t i c  data p lus  the dynamic data together (as 
a' reconstructed t o t a l  s ignal)  on the s t a t i c  data 
bargraph by pushing a button on the f r o n t  panel. 
This w i l l  show how close the s igna l  i s  t o  the 
al lowable l i m i t s  a t  any time, espec ia l l y  before 
proceeding i n t o  more dangerous por t ions  o f  the 
t e s t  program. 
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The f i r s t  leve l  o f  alarm i s  shown i n  Figure 3. 
When the t o t a l  s igna l  f r o m  any one o f  the balance 
components intrudes i n t o  the alarm zone of the 
algorithm. the two bargraphs associated w i t h  tha t  
component begin t o  b l ink .  
be activated, ove r - l im i t  condi t ions must occur i n  
four  successive update periods t o  el iminate the 
t r i gge r ing  by random spikes. Once activated, the 
b l i n k i n g  cond i t ion  w i l l  continue f o r  5 sec. a f te r  
the l a s t  t r i g g e r  condi t ion and then automat ical ly 
reve r t  t o  the normal display. The b l i nk ing  condi- 
t i o n  i s  t r iggered anywhere along the l i n e  defined 
by the endpoints: 40% dynamic load, zero s t a t i c  
load, and zero dynamic load, 80% s t a t i c  load, as 
shown i n  Figure 3. 

The next stage o f  alarm, also shown i n  Figure 3 ,  
occurs a t  s l i g h t l y  higher levels.  
i ng  d isp lay  i s  supplemented by an audible warning 
buzzer. There are also f i v e  independently pro- 
grammable re lays  f o r  t r igger ing  external  devices 
a t  any preset leve l .  
t ha t  might be u t i l i z e d  are cameras, osci l lographs, 
tape recorders, angle-of-attack reduct ion mecha- 
nisms, and, possibly, tunnel fast-stop relays. 

The BLAMS funct ions can a l l  be programmed o r  modi- 
f i e d  a t  w i l l  through the use o f  an Apple Macintosh 
personal computer. 
grammed include the alarm algor i thm shape, the 
v isua l  and aural  alarm levels, the alarm re lay  
closure levels, the update r a t e  (o r  sample time) 
o f  the LED displays, and the alarm t r i g g e r  condi- 
t ions.  If, w i t h  experience o r  f o r  special  condi- 
t i ons  o r  tests,  i t  becomes desirable o r  necessary 
t o  change the parameters, t h i s  can be accomplished 
eas i l y  w i th  minor changes i n  standard subroutines. 
A software secur i ty  lock can eas i l y  be implemented 
i n  the Macintosh program t o  prevent unauthorized 
parameter changes. Space has been provided on the 
f ron t  panel f o r  a f f i x i n g  a set  o f  user ins t ruc-  
t i ons  and f o r  l i s t i n g  the funct ions and parameters 
i n  the current microprocessor program. 

For any alarm mode t o  

Here the b l i nk -  

Some examples o f  devices 

Functions tha t  can be repro- 

BLAMS BLOCK DIAGRAM 

The block diagram o f  one channel o f  the BLAMS u n i t  
i n  Figure 4 shows both analog and d i g i t a l  c i r c u i t  
components. The wide-band signal  from the signal-  
condi t ioning system (whether from a balance chan- 
ne l  o r  other source) i s  f i r s t  separated i n t o  

separate components by using various f 
pos i t i ve  o r  negative s t a t i c  signal (DC 
pos i t i ve  and negative dynamic s ignals 
5 kHz), and wide-band signal  (1 Hz t o  
The wide-band s igna l  i s  next converted 
analog o f  the s igna l  RMS value. 

l t e r s :  
t o  2 Hz), 
1 Hz t o  
20 kHz). 
t o  a DC 

The s t a t i c  and RMS s igna ls  are then sampled by a 
var iable-rate,  12-bit-plus-5 ign  data-acquisi t iOn 
system whose sample r a t e  can be var ied from 4 t o  
16 times/sec. The p o s i t i v e  and negative dynamic 
s ignals are sampled by a d i g i t a l  peak detector a t  
the r a t e  o f  12,500 samples/sec. 

The 68000 microprocessor receives the sampled data 
and informat ion from the switches and in te r rup ts  
and processes them according t o  the cur ren t  pro- 
gram. The appropr iate commands are then sent t o  
the d isp lay  d r i v e r s  f o r  data presentat ion on the 
BLAMS f r o n t  panel LED displays. The processor 
also sums-the s t a t i c  data and the dynamic peak 
data, compares the r e s u l t s  w i t h  the algor i thm i n  
memory, and t r i gge rs  the various alarms and re lays  
a t  t h e i r  respect ive programed levels.  

CONCLUSIONS 

A wind tunnel  balance loads monitor has been 
developed a t  Ames Research Center which closes a 
la rge  gap i n  monitor ing capab i l i t y .  
makes no attempt t o  de f ine  balance fa t igue-cyc le  

The device 

l i fe t ime,  bu t  i t  w i l l  enable t e s t  engineers an 
technicians t o  p ro tec t  balances from overload 
condi t ions much more easi ly.  A t  the same t ime 
the wind tunnel  operat ing envelope can be used 
greater advantage by having a more precise con 
on balance margin o f  safety. 

t o  
r o l  

I n  add i t i on  t o  i t s  f u tu re  as a primary instrument 
f o r  monitor ing balance component s ignals i n  as 
many as seven d i f f e r e n t  wind tunnels, i t s  very 
nature as a wide-band analog device w i t h  a pro- 
grammable monitor ing func t ion  suggests tha t  i t  may 
f i n d  important app l i ca t ions  i n  any number o f  
instrumentat ion systems used a t  Ames. 
include pressure transducer, s t r a i n  gage, acceler- 
ometer, hot-wire anemometer, o r  even thermocouple 
systems, o r  a mixture o f  any o f  these. This i s  
p a r t i c u l a r l y  t r u e  when appl ied t o  any c r i t i c a l  
system t h a t  needs a f u l l - t i m e  monitor w i t h  alarm 
and shuto f f  capab i l i t y .  

These may 
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Figure 1 - BLAMS Front Panel With Simulated Loads. 
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